The availability of YieldGard Rootworm corn hybrids for planting in 2003 marked the beginning of a new era of corn rootworm management. Monsanto Company was the first to obtain registration for transgenic Bt corn (genetic material from the soil bacterium Bacillus thuringiensis inserted into the corn genome) for rootworm control. Shortly after the registration of YieldGard Rootworm corn, registrations for rootworm-protected corn were granted to Pioneer Hi-Bred International, Inc./Dow AgroSciences LLC (Herculex RW corn hybrids, available for planting in 2006) and Syngenta (Agrisure RW corn hybrids, available for planting in 2007). In just four short years, the genetic biotechnology for rootworm control has been combined with genetic biotechnologies for caterpillar control and herbicide resistance or tolerance to create double-, triple-, and quad-stacked corn hybrids that address a lot of producers' concerns about both insect and weed management. The news release from Monsanto and Dow AgroSciences (Anonymous 2007) announcing the forthcoming registration of SmartStax corn hybrids (hybrids with an eight-gene stack) is undoubtedly a foreshadowing of a dizzying array of combinations of genetic traits that will have a significant impact on pest management. So, the future for management of currently the most economically destructive corn insect pests looks bright. But, as we have learned so many times in the past, advances in insect-control technology that provide excellent opportunities in agriculture almost always usher in amplified or new issues.
Although double-, triple-, and quad-stacked corn hybrids are commonplace, the discussion in this paper will focus almost exclusively on management of corn rootworms. The inclusion of more than one gene for pest management both complicates and restructures the issues. So, for ease of discussion, rootworm management will be isolated from the other issues, with the understanding that many other issues will play significant roles in the ways producers use transgenic corn hybrids.
Opportunities and issues
The opportunities associated with transgenic Bt corn hybrids for rootworm control are numerous, including, but not limited to:
• Excellent, convenient, and reasonably priced control of rootworm larvae.
• Reductions in the amount of chemical insecticides applied to corn acres.
• Reduced need for scouting to make rootworm management decisions. (Crowder et al. [2006] determined that planting Bt corn based on sampling and economic thresholds did not generally increase returns compared with planting transgenic corn every year).
• Potential for outstanding yields (attributed to both improved base genetics and improved pest control).
• Peace of mind for producers who have the right to believe that their corn is resistant to the most economically destructive insect pest of corn in the world.
Since 2003, a rapidly increasing number of producers have witnessed first-hand the benefits of transgenic Bt corn for rootworm control, including significant yield benefits. With the considerably increased demand for corn (more acres, more bushels), higher yields and higher prices are exactly what producers seek. As a consequence, some corn producers (hopefully a small percentage) have forgone the requirement to plant a 20% refuge of non-Bt corn for insect resistance management (IRM). Rather, to maximize corn acreage and yield, some corn producers have planted or intend to plant more than 80% (possibly 100%) of their corn acres with transgenic Bt hybrids for rootworm control, a violation of one of the Environmental Protection Agency' s (EPAS) requirements for IRM. By this action, non-compliant growers create one of the most significant issues associated with transgenic corn for rootworm control.
Insect Resistance Management
Following are statements in the USEPA (2007) Biopesticides Registration Action Document: "Persons purchasing the Bt corn product must sign a grower agreement ... By signing the grower agreement, a grower must be contractually bound to comply with the requirements of the IRM program." Enforcement of this requirement is the responsibility, first, of the companies who sell transgenic Bt corn, and company officials are very concerned about the rumored non-compliance to IRM requirements. According to the USEPA (2007) document, "The options [to address a lack of compliance] shall include withdrawal of the right to purchase MON863 Bt corn for an individual grower or for all growers in a specific region. An individual grower found to be significantly out of compliance two years in a row would be denied sales of the product the next year. Similarly, seed dealers who are not fulfilling their obligations to inform/educate customers of their IRM obligations will lose their opportunity to sell MON863 Bt corn." The same language appears in the biopesticides registration action documents for the events that lead to creation of Herculex RW (Dow/Mycogen) and Agrisure RW (Syngenta) products. Ultimately, Bt corn registration is conditional upon proven compliance with IRM strategies. That is, registration of Bt corn hybrids could be rescinded as a result of flagrant non-compliance with IRM strategies.
Blatant disregard for IRM requirements by only one grower in an area can affect all growers in an area. As indicated in the previous paragraph, one of the options to address lack of compliance is "withdrawal of the right to purchase [Bt corn] ... for all growers in a specific region." More importantly, from an ecological perspective, the development of resistance to Bt within a western corn rootworm population on one farm (the "source" farm) soon becomes everyone' s problem. It is likely that as more acres of corn are planted with Bt corn hybrids for rootworm control, some insecticide manufacturing companies will question the profitability of continuing to manufacture soil insecticides. If the current plentiful options for rootworm management decline to a limited few, our options for remedial actions if resistance to Bt occurs may be inadequate.
An opportunity for insect resistance management in transgenic Bt corn that is more compatible with demands for higher corn production may be on the horizon, however. SmartStax corn hybrids (Anonymous 2007) will include two Bt proteins for rootworm control-Cry 3Bb l (currently in YieldGard rootworm-control products) and Cry 34Abl/Cry35Abl (currently in Herculex rootworm-control products). The use of two or more Bt toxins for control of the same target insect (often referred to as pyramiding) should reduce the potential for development of insect populations to both toxins. According to Roush (1998) , the amount ofrefuge necessary to delay resistance for an extended period can be reduced with pyramiding in the same hybrids.
It is entirely possible that the amount of refuge required for IRM strategies when SmartS tax corn hybrids are approved will be significantly less than 20%.
Efficacy of transgenic Bt corn for rootworm control
An issue associated with any product registered for control of rootworm larvae is efficacy of the product across environments and over time. A corn producer has every reason to expect that the product purchased for rootworm control on his or her farm will protect corn roots from significant rootworm larval damage. Over the past six decades during which many products have been registered for rootworm control, most products have provided excellent efficacy in most circumstances. However, some products have failed to control rootworms in spectacular, widespread fashion, whereas others have failed to control rootworms in a more sporadic fashion, usually associated with specific environmental conditions.
Rootworm Bt control products have provided excellent protection against rootworm larval injury in the vast majority of corn producers' fields and in company and university research trials. But, there have been a small number of reports of transgenic Bt corn not providing adequate control of rootworm larvae in producers' fields, and we have observed greater-than-expected damage to rootworm Bt corn in some of our experiments at the University of Illinois. We have observed "significant" rootworm larval damage (i.e., approximately one node of roots pruned by rootworm larvae) to some rootworm Bt corn products in our rootworm control product efficacy trials at Urbana since 2004 (most recently in 2007 [Gray and Steffey 2007b] ). Although we cannot fully explain these occurrences, we have speculated that the variant western corn rootworm, which is well established in east-central Illinois, may be more difficult to control than the so-called normal western corn rootworm. There is evidence to support this speculation in the scientific literature (Siegfried eta. 2005) . Additionally, we have demonstrated that the level ofrootworm larval injury varies among different rootworm Bt corn hybrids (Gray et al. 2007 ). Although efficacy of rootworm Bt corn has been excellent during the first few years of availability, instances of greaterthan-expected rootworm larval injury to rootworm Bt corn deserve further study.
The following section includes a discussion of some of the results generated from our standard efficacy trials for rootworm control in 2007. The results from these trials lend some insight into the opportunities and issues associated with rootworm Bt corn discussed in this paper.
Results from University of Illinois rootworm control trials, 2007
We have conducted "standard" rootworm control efficacy trials for many years at University of Illinois research and education centers near DeKalb (northern Illinois) , Monmouth (northwestern Illinois), and Urbana (east-central Illinois). In recent years, these standard efficacy trials have included rootworm Bt corn hybrids, granular and liquid soil insecticides, and insecticidal seed treatments. The data generated from these trials include ratings to assess rootworm larval injury and yields.
The data from our rootworm control product efficacy trials near DeKalb and Urbana are presented in tables 1 and 2, respectively. Not all of the treatments and associated data from these trials are presented in the tables, although the statistical analyses were conducted on all treatments included in each trial. For ease of discussion, only the products currently registered for rootworm control are included in the tables; experimental products and rates are not included. The arrangement of the treatments top to bottom in each table is according to yield, from highest to lowest. We have not included data from our Monmouth location because the overall level of rootworm injury was considerably lower in 2007 than we have experienced at this site over the past few years. However, data from this trial will be published with all of our data in the 2007 version of on Target, http://www.ipm.uiuc.edu/ontarget. Preliminary root rating data for all trials have been published on the Web (Gray and Steffey 2007b).
The mean node-injury ratings (Oleson et al. 2005 ) in the overall untreated checks (DKC61-73) were 2.18 and 2.74 at DeKalb and Urbana, respectively, indicating a significant level ofrootworm larval damage at both locations. However, the data from these two sites convey somewhat different stories.
Node-injury ratings
The mean node-injury ratings for all rootworm control products in the DeKalb experiment were significantly lower than the mean node-injury ratings in the untreated checks ( Table 1 ). The transgenic Bt com hybrids provided excellent protection against rootworm larval feeding, with root ratings of 0.08, 0.16, and 0.2 for HxXTRA (Pioneer), HxXTRA (Mycogen), and YieldGard VI (YGVT), respectively. The mean-node injury ratings for YGVT +Counter 15G and HxXTRA (Pioneer) were significantly lower than the mean node-injury ratings for all of the insecticideonly treatments. The mean node-injury ratings for Lorsban-4E and Force CS (both liquid formulations) were not statistically different from the mean node-injury ratings of YGVT. It is important to note that more than 8 inches of rain fell at this site during july 2007.
The mean node-injury ratings for all rootworm control products in the Urbana experiment were significantly lower than the mean node-injury ratings in the untreated checks (Table 2) . Unlike the results from DeKalb, the mean node-injury ratings for all granular and liquid soil insecticides were less than 0.5 and significantly lower than the mean node-injury ratings for YGVT and HxXTRA (Mycogen). The mean node-injury rating for HxXTRA (Pioneer) was not significantly different from the mean node-injury ratings for all of the granular and liquid soil insecticides. The mean node-injury rating for Poncho 1250 was significantly higher than the mean nodeinjury ratings of all other rootworm control products except HxXTRA (Mycogen).
Yields
In our 2006 com rootworm product efficacy trial at Urbana, almost every soil insecticide we tested prevented significant rootworm larval injury, despite very heavy com rootworm pressure in the untreated check plots (average node-injury rating of 2.95). The mean node-injury rating for the YieldGard RW hybrid (DKC61-68) in the Urbana trial was 0.96, indicating almost one node of roots pruned. Despite this level of rootworm larval injury, however, the YieldGard RW hybrid had the largest yield-by a large margin-in the trial (unpublished data). The yield of YieldGard RW com at Urbana was significantly larger than the yields of all plots (DKC6 1-72, the non-Bt isoline) treated with soil insecticides, about 56 bushels per acre greater than the average yield of four plots treated with granular soil insecticides. Although this lopsided yield advantage in favor of the YieldGard RW hybrid also was apparent at the Monmouth site, the yield disparity between Bt com and plots treated with soil insecticides was not apparent at our DeKalb site in 2006.
As the yield data from 2007 attest, mean node-injury ratings may not have been the best predictors of yield once again. Although the mean yields from all plots with rootworm control products were significantly larger than the mean yields from the untreated check plots in DeKalb (Table 1) and Urbana (Table 2) , the mean yields and node-injury ratings among rootworm control products did not necessarily line up. For example, the mean yield for Counter 15G at DeKalb was 236.88 bushels per acre, despite a mean node-injury rating of 1.0. Comparatively, the mean yield for Fortress 2.5G was significantly lower than the mean yield of Counter 15G, despite similar mean node-injury ratings (0.94 and 1.0, respectively). The mean yield ofYGVT was 225.53 bushels per acre and the mean yield of HxXTRA (Pioneer) was 21 6.18, despite comparable mean node-injury ratings of 0.2 and 0.08, respectively. And despite a mean nodeinjury rating of 0.84 at Urbana , the mean yield for YGVT was 205.17, significantly larger than the mean yield of HxXTRA (Pioneer) (153 . 79 bushels per acre) with a mean node-injury rating of 0.49.
These and others' findings raise significant questions about the utility of root ratings as the sole determinant of rootworm larval injury and their relationship to yield:
• Why have large yield differences between rootworm Bt corn and plots treated with soil insecticides occurred when the node-injury ratings were essentially equivalent? In fact, why would rootworm Bt corn out-yield isolines treated with soil insecticides even when the rootworm Bt corn hybrid had more rootworm injury?
• Are we comparing apples with oranges when we use the same rootworm-injury scale for roots treated with soil insecticides and for rootworm Bt corn hybrids?
• Is the current 0-to-3 node-injury scale the most appropriate scale to compare rootworm injury to corn treated with soil insecticides and rootworm injury to rootworm Bt corn hybrids?
• Does it make sense to use any rootworm-injury scale to compare the performance of soil insecticides and rootworm Bt corn hybrids?
• Should we develop a new rootworm injury rating scale for rootworm Bt corn hybrids?
• Are rootworm-injury rating scales relevant for rootworm Bt corn hybrids?
We can only initiate discussion with the data generated thus far. However, the relationship between rootworm larval injury and corn yields deserves considerable attention as increasingly more acres are devoted to production of transgenic Bt corn hybrids (Gray and Steffey 2007a; Steffey and Gray 2007). Both the 1-to-6 root rating scale (Hills and Peters 1971) and the more recent node-injury scale (Oleson et al. 2005) were developed while soil insecticides were the primary "tools" being used for control of corn rootworms. Now that we have entered a new era of corn rootworm management, a new standard seems to be justified. 
